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PREFACE

The in-flight vibration test, carried out under conditions very close to those of the
future operation of the aircraft, is the most conclusive test to ensure the safety of a new
type of aircraft, since it does not involve any of the theorctical assumptions on which
predictive calculations are based. While flight flutter tests arc delicate, its application
1s essential if theoretical calculations have revealed 2 tendency to flutter in certain areas
of the aircraft, even if a considerable safety margin is predicted.

Such tests can be carried out according to various processes which are selected in
relation to the size of the aircraft and the accuracy aimed at. In an early article of
the Manual on Aeroclasticity (Volume 1V, Chapter 10, 1961), the methods used in this
arca about twelve years ago are described by Messrs M.O.W.Wolfe and W.T.Kirby. Ina
more recent supplement (Revision 1969), Frenck developments relative to the various
means of excitation and the various methods for utilizing the data collected were
reported by Mr Piazzoli.

This is a new addition in which the authors review the testing methods used in the
United States. This document will undoubtedly prove extremely useful to ergineers
and specialists desirous of being informed of the present state-of-the-art in this particular
field and may even provide guidelines for the seiections which they will be called upon
to make in the future.

R.MAZET
Editor of the Manual on Aeroelasticity
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RECENT DEVELOPMENTS IN FLIGHT FLUTTER TESTING IN THE UNITED STATES

1. INTRODUCTION.,

The critical development schedules and high performance requirements of recently developed military and commercial aircraft in
the United States have demanded the use of new techniques for the rapid and accurate determination of flutter characteristics and the
cstablishment of safe flight envelopes. Although vgnificznt advances have been made in theoreticzl flutter analysis methods and in wind
tunnel tosting techniques over the last 10 years, it has been only in the recent past that flight flutter testing methods have shown
significant advances in the state of the art. These advances are principally the result of more sophisticated analysis metkods which are
now possible because large high speed computers have been dedicated to the flight test operation to reduce the overall flight
demonstration time required. Since consideration of flutter is a pucing item for rxpanding the speed envelope for any new airplane.
considerable effort has been spent to reduce the number of flights required to obtain futter data,

There are several different flight flutter testing techniques currently in use or being developed in the United States. Mast of the
methods employ some form of sinusuidal excitation, using either aerodynamic vanes, internal mass shakers or power control systems.
The more promising methads all <eem 10 employ fast sweep rates. The old relizble shake and stop method still appears to be in use, as
does the pilot impulse technique: there has ako been at least one recent use of ballistic impulses. The use of random excitation
techniques dees not seem to have gained much popularity in the U.S. as yet: however, several of the analysis schemes appear to have the
capability of handling the response to random inputs.

With regard to data reduction. the Kennedy-Pancu method. Reference 1, or modifications of it. still appears to have merit and is
being used by several companies. Techniques based on the fast Fourier transform. Reference 2, have also gained popularity for flight
flutter testing.

This paper presents a few comments on some flight flutter testing procedures in use or under development, as reported by some of
the major U.S aeruspace companies. No attempt is made to provide 2 comprehensive review of flight flutter testing philosophy since a
great many papers have already been written on the subject, e.g.. References 3 through 7. The main part of the paper is devoted to the
Grumman model-matching approach.

NOTATION

by by cy g Coefficicnts used in the representation of the unsteady generalized aerodynamic force

fte) Gereralized force due to 3 vane shaker or mass shaker, etc,

fp(t) Approximate generalized force obtained by applying a data hold to a ampled force signai

oy Displacement at the shaker location in the mode which is responding

m Generalized mass at zero airspeed based on a unit modal displacement at the location of the response transducer
n Integer used to identify a particular campled value

3 Laplace transform variable

1 Time

v Flight speed

7 Z transform variable

b Cocfficient used in the exponential approximation to the indicial aerodynamic force

3 Dirac delta function

Sqin Sampling function

A Ay Complex cunjugate roots which determine the owillstory motion charactenstic of an acroelastic mode
A3=dg Real root which determines the exponential motion characteristic of an acroelastic mode

T Sampling interval

(R Resunant frequency at zero ainpeed

gt Genenalized coordinate

fis) Laplace tranvformof fity L {fi)] = fis)

Fto) Z transform of f(nr) Z it = Fun
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2. A SUMMARY OF FLIGHT FLUTTER TESTING METHODS
The following summary describes the most recent methods used by some of the major United States serospace companies
McDonnell Aircraft Company

Excitation is accomplished ihkrough the stabilator and aileron actustors by means of an electrical signal which feeds directly into
the servo of the power cylinders. The exciter can be set either on automatic linear frequency sweep or be manually contrelied by the
pilot. In the latter case. constant frequency shutoff operstion of the exciter may be employed to obtain decay records. A fully
automated analysis for determining frequency and damping from s transfer function has been develaped based on a modification to the
Kenaedy-Pancu method. These data are stored in 3 computer as a function of altitude and Mach number, Tracking and curve fitting of
frequency and damping as a function ef dynamic pressure are employed to identify the critical modes, At each speed after the first two,
th~ flutter margin, Reference 3, is calculated at constaut altitude ur constant Mach number as desired. A cathode ray display of any of
the derived quantities is availakle on line in ewsentially real time. The accuracv of the determined frequency, damping, and flutter
margin has been checked using theoretical and wind tunnel model data.

Douglas Aircruft Company.

The DC-10 airplane has zerodynamic vanes installed on all surfaces for flutter cxcitation. The response transducer signals are
digitized and stored on magnetic tapss in the flight test aircraft, and are also telemetered to the ground facility. The ground facility
provides instant replay of the last 45 seconds of data on live analog display and also provides for post flight digital analysis. One notable
methad of post flight analysis involves a least squares fit of the aircraft transient response to pilot inputs. The analysis follows the
technigue given in Reference 9 except that a two step iteration procedure is used, The zero offset amplitude, and phase angle are found
in the first step by a direct least squares analysis: a Taylor expansion and icast squars fit is used to find the damping and frequencies in

the secamd step. This two step procedure is repeated several times, converging on all terms to completely define the amplitude, phase
} angle. frequency, and damping of each mode in the response. The operator has a ckoice of searching for one, two, three or four degrees
of freedom
It has been found that reruns with minor changes in the start and stop times give repetitive results for “true data” but results
] derived from noise are different for ecach modified run, The computer is programmed to ignore any amplitudes that do not exceed a
‘ certain percentage of the inaximum, thus preventing it from frying to converge on very low lev2] signais.

Lockieed-California Company

The Lockheed technique utilizes the response ¢ variable frequency cinusoidal excitations to evaluate the dynamic acroelastic
stability (modal damping) of the aircraft structure. The method s based upon the theoretical response of a single-degrec-of-freedom
. spring-mass<damper system when excited by a sinusoidal force of constant smplitude, but of lincarly increasing or decreasing period.
The method was first developed by Dr, E. A, Bartsch of Lockheed-California Company in conjunction with flutter tests on the F-104
fighter and the Electra transport zircraft beginning about 1957, The distinguishing feature of the method is its reliance on the frequency
sweep-rate effect. The sweep effect produces a shift in the response frequency at resonance which increases with increasing sweep rate J
and with decreasing damping. By evaluating the shift in resonant frequency between an upsweep and a down-sweep, relative to the
average response frequency. a very sensitive measure of damping is obtained for all critical modes,

in practice, the computerized venion of the analysis technique uses flight recorded structural responses to symmetric and ,
antisymmetric variable frequency excitation forces. These forces are generated aerodynamically on the L-10i 1 wing by wing tip vanes

and on the horizontal tail by two tail tip vancs. The analysis data cunsist of time series measurements of the appeopriate pair of vane
i excitation forces together with 10 to 20 wing or tail response measurements. The program tabulates the time series of the excitation
forces and the responses, as well as the output/input ratios and the instanancous frequency sweep rate. Flots of these quantities versus
time are provided together with plots of the output/input ratios versus frequency. The peak response frequencics. frequency shifts, and
t amplitudes are then evaluated to determine the frequency and damping of the critical aeroelastic modes for all flight conditions of
intevest,

General Dynamics Corporation:

Flight flutter testing follows the practice of detecting major response frequencies and obtaining the damping of these modes at
] successive speed increments. The variation of damping with speed is monitored via telemetry to aliow safe expansion of the allowable
flight envelope.

Excitation is provided by oscillating the cortrol surfaces if the frequency response of the actuating system is satisfactory over the
frequency range of interest. Otherwise, excitation is supplicd by either serodynamic tabs or oscillating mass shakers. The tabs and
) shakers are driven hydraulically with provisions for both amplitude and frequency control. Automatic frequency sweep capability with
sweep rate proportional to frequency is utilized. A iypical tinwx for frequency sweep from O to 40 Hz s one minute,

3 Accelerometers. strain gages, and position pickups are used to measure the airframe response to excitation The output of selected
pickups is plotted on x-y plots during the frequency sweeps. Major resonances observed on these plots are noted and corresponding
damping values obtained from skakecnd-stop tests.
The Bocing Company

The following paragraphs describe the method which Bocing proposed for use an its SST asirplane.

Acrodynamic vanes located at the wint tips of the SST were selected for in-flight excitation of wing modes which were of primary
concern from a flutter standpoint. The wing tip acrodynamic vane was chowen because it provides adequate force fo: the least weight.

The choice was based on the results of analytical studics in the subcritical speed range indicating the wing tip to be an effective location
fram which to excite the wing flutter mode. Maximum frequency for the acrodynamic vane shaker was to be approximatcly 20 Hz

L_‘ —— b o -l il
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Response of the airplane to a rapid sinusoidal sweep was to e measured by accelerometers installed in the wing and body. The
outputs were to be recorded on magnetic tapes and digitized before undergoing a fast Fourier analysis, The output was to appear as a
frequency spectrum plot, for each sweep and transducer, obtamed from the ratio oi Fourier transforms of output to input. These data
allow calculation of the modal damping for cach sweep by the Kennedy-Pance method,

3 THE MODEL MATCHING METHOD

In 1968. Grumman decided to purchase a large computer facility for use exclusively by the flight test organization. The purpose of
this investment was to effect a major reduction in the time tshen to flight test a new airplane, The reduction was to be accomplished by
shortening all phases of the test program: one of the most significant of these was the time spent at each test point dunng the high
speed build-up to acquire futter data.

When the decision was made to use a computer, we had the opportunity to develop a siew fechnique that could provide frequency
and damping data in a relatively short time. A review of Grumman methods in use at that time, Reference 10, showed that a dedicated
computer conld readily reduce data reduction time: however, data acquisition time could not be significantly altered. A technique
which reduces data analysis time and is compatible with relatively fast data acquisition is deseribed in Refevence 11 and became the
basis of the current Geumman procedure, The initial implementation of this techuigue was accomplished by Astrodata, Inc. under the
direction of R. G. Madsen,

The technique can best be deseribed as “model matching”™. An analysis medel of known functional {form represented by a
difference 2quation is programmed in the computer: constants are de ived which cause the model response to be identical, within some
prescribed degree of accuracy, to the aircraft response to an input force: these constants are then used to determine the damping and
frequency of the modets). The matching is done for the aircraft response data over a limited frequency range. Each signiftcant
frequency band of data is analy red separately and a different model nuteh is computed.

While different typey of force inputs can be used with this method, it 1s necessary that the force by such that it causes the modes
in question to be cxcited to rcasonable signal/noise ratios and that it be related te some transducer signal by a transfer function of
hnown form. In order to keep the time for data acquisition $o a minimum. 3 foree i3 chowen which has a frequency content consistent
with the modes of interest and has a duration of application only leng enough to give the modes time to respond to practical levels,
Grumman has chosen a relatively fast frequency sweep for its method. Sweeps from 5 to 50 Hz in 15 seconds are typical. This rate is
fast enough to get the test data quickly but slow enough to insure that the analog records still cortain the familiar resonance peaks of a
steady state response plot, This fatter feature is dasirable to permit the test engineess to gain additional understanding of the response

characteristics by studying the analog traces.

The derivation of the difference equations for the analysis model will now be presented. This will be followed by a description of
the associated compuiter program and the methods employed (o gain confidence in the approach. Finally, some resuits from a recent
flight test program will be shown

3.1 Derivation of the Differcuce Lquation

For simplicity, the derivation of the required difference equation will be given for a single mode model. The comparable derivation
for higher order models would only require more elaborate algebraic procedures

We begin with the gencrmalized equation of motion fur the mode.

Fewlie ) te 32 1 af! 2 L L
twmE+davb E4 e gt Ll D fsh £ty +v=c Sttg]e dty = =fiv (1
Proptrgbasr ety "',f«; ot T o8N I m !

The fint two terms on the left are inertial and structuzal: the last ti.oee are acrodynamic, Thi form of the unsteady acrodynamics has
been chosen because it is applicable to nonharnemic motien. A single pancntial term has been used in the approximation of the
indicial acrodynamic response for simplicity A description of the derivation of equations of this type for a general system of modes is
given in Reference 12,

Equation (1) descabes the continuous response of the mode starting from rest. To ohtain the transfer function between input force and
aceeleration respontse, the Laplace transform is taken

y
2s *l_ (5+y) 87 = )
N ‘“"mh-)ﬂm-)\ﬂl»k;l"\ﬁ" (=)

where Mp and Ay arc the cempley conjugate roots awociated with the frequen y and damping and A 3 is a real root associated with the
indicial acrodynamics 1t can be shown that the X' are roaots of the cubic poly nomunal

3 1 \ L[ 12,12 ( 2 2
Seflyrd b ¢l ab Y s Lvre + v ot fywm+ ¢ 3
* (7 m > m ") (m *m Y m ") L R )

The objective of the model-matchmg program is to solse for the seots of Fquation (2) using a differcnce equation which relates
ampled valuss of acceleration and force The sampled values are obtained by feeding analog response signals, telemetered from the
aircraft. to an analog to digtal converter m the ground station and then pawing this digital data directly to ihe computer.

The difference cquatian is derised by ining the theory of sampled-data swatems, Refercnce 13 The functional representation of
the cimpling process is
Rl el
KT TR U [ S EJ
n= o
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The sampled force is then simply f(t) S(t).
The Laplace transform of this sampled force is

L finr)e™7S
n=0

Now, a hold or data recoastruction function is required to convert this sampled function back into one which is essentially the
same as the original continuous function f(1). Since the conversion is not exact, we will call the reconstructed signal f(1). The hold
function used in the Grumman model is called a polygonal hold; its transfer function is given by:

e (1. c'”!z
st ’
We iliustrate the overall process in Figure 1(A). Using Z transforms, the desired difference equation can be derived for the
sampled-data model shown in this figure, Letting z = ¢,

o0
T finr)z" =F(z)

n=0
and

Z HaneP=Z(2)

n=0
it follows that

F(z)Tl(z)=§(z) (4)
where

[ 25
T =2t -e™2 R
752 (A 1)(sA2)(sA3)

If the indicated Z transform is camried out, we have

+ (35 '234) l.l + (35 '234) l'2 + 15 2-3

2 -3

T, (2) = 4
1 -3y 21 -azz' a3z

where
y = M7+ P 4+ A3T

R R LSRG Pt R B

2
a3 = eApt A+ Ag)r
34 = ov ]

R Ayt n . Ay . AaT .
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2 1
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By taking the inverse Z tsansform of Equation (4). the difference equation, in the sampled time domazin, relating past and present
values of the system input 2nd acceleration response is obtained:

agf(nr) + (ag-23,) fin-1)7 + (34-285)0 (237 + agf(n-3)r = f(nr) -2y E(n-1hr -39 En-2)r -23 En-3)r.n=3,4.5, ...
This equation can be writter in matrix form s follows:
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This cquation can be solved by least squares for the unknown cocfficients a; through ag by letting i take on a sufficient number of
values over the dat  .gment of interest. The roots A . Ay, and A3, can be obtained from ay. a,, and a3 the remaining unknowns,
a4 and ag, can be used to obtain X and ¢, /rm.

The derivation, to this point, has assumed that f(t) is such that a transducer can measure the applied force directly. Actually, the
shakers used in flight flutter testing typically do not satisfy this assumption. To avoid this difficulty, a transfer function relating
transducer signal to force is assumed and the difference equations are deriveo using a model similar to Figure 1(B), For example, a vane
shaker has inertial and unsteady aerodynamic force terms:

t
=m. 4 A4y ) 3 2 (-
= md+ vb, i+ cv:}«ra‘jo [vbvod () +v ch;m,;] Wt gy,

The symbology in this equation corresponds to that in Equation (1) but a “v" subscript refers to the vane and g refess to vanc angular
position. The transfer function between f,(s) and s} is:

- s -
fAs)=ms-$ s~ )t
vsr=mus-$plis - Eas- $3) T Bisy

where the $'s are the roots of a cubic polynominal similar to (3). If the aerodynamics are quai-steady instead of unsteady. as would be
the case when the vane is very small relative to the surface. we would write

qus(s) =my (s SpHs - $2) Bls)

If the shaker is inertial only, with no aerodyramics, we would write

f“]‘s’ = m\"‘lﬁ‘s’
A difference equation would now be derived which would not only have the unkiowns a; through ag as in Equation (5), but would

contain additional unknowne corresponding to the {'s and v,.
3.2 Description of the Computer Program and Automated Telemeiry Station

The Grumman computer program for model matching is written with the assumption that the forcing function will be a sinusoidal
frequency sweep from low frequency to high., The program takes the sampled shaker position signal and continuously calculates
frequency. The test engineer provides 3 starting and stopping frequency for each data segment to be analyzed. The computer program
finds the data sequence within this segment, filters it, and stores the information into the matrix array described in the last section.
Before storing the data into this matrix, a decimation is accomplished which reduces the number of data points/cycle to five at the high
frequency end of the band being 2nalyzed. This reduction is done to reduce computation time.

Options are provided to use any of three types of digital filters with various corner frequencies and roll-off characteristics. Options
are also provided to use matrices conforming to 2nd. 3rd, 4th, 5th, and 6th order madels. The program then solves the snatrix equation

by inversion. solves for the frequency and damping using a polynominal solution method, and displays the results on a cathode ray tube
together with appropriate identification Jata.

The program provides for five separate frequency sweeps at each test point. These correspond, typically, to symmetric and
antisymmetric wing and horizontal tail, and antisymmetric fin. For each sweep, provision has been made to obtain solutions for as
many 2s seven record segments with separate model orders for each, Any of approximately 20 response channels can be used to supply
the dzta for the 35 solutions. A primary and secondary transducer are used for each solution. Nommzlly, the test engineers supply ihe
necessary clues to the computer in advance of the test point by extrapolating frora previous data. If, after the sweeps are analyzed. it is
found that some of the clues ure not correct, changes can be made while the flight is stil] in ~rogress

The data can be analyzed ir: nearly real time* in one mode of operation. This mode, however, requires a large amount of computer
storage and prohibits other disciplines (stability and control, engine performance, etc.) frem obtzining their test data in real time. The
preferred mode. for high speed test points. is one wherein the five shaker sweeps are done quickly. one right after the other, while the
data is digitized and stored directly on a disk. After all test objectives are completed, the aircraft slows down and waits. The flutter disk
is then called up and the data anzlyzed in less than five minutes.

The data flow through the Automated Telemetry Station (ATS) for flutter testing is shown in Figure 2. In the RF
DEMODULATOR, the dats from the microwave stream are demodulated into 26,508 words per second of pulse code {PCM) data and
two carrier bands each carrying 14 subcarriers of FM flutter test information. These three data streams are recorded on magnetic tape to
form a complete record of all raw telemetered data acquired during 2 flight.

The PCM signal is aligned in the BIT SYNCHRONIZER, and transferred te the PREPROCESSOR. The 28 FM subcarriers are
further demodulated in DISCRIMINATORS to obtain the raw analog flutter data.

The 12-bit digital output words from the Analog - Digital Converter (ADC) are passed to the PREPROCESSOR in parallel with the
PCM data. The PREPROCESSOR performs the following functions:

L] Converts PCM data to parailel format from its serial telemetry format
L] Applies calibration to the dat:

. Buffers the data for transfer to the Computer (CPU) at 0.1 second intervals

® Neerly resl time mesns, for exampie, thet the snr ars 10r seven record s1gments, peamary 3nd secondery t srsducers, will be dispisye-d in fest than 30 sec, sfter the completion of
8 15-30cond shakev sweep from S50 H2.
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L] Records all data, after calibration, on magnetic tape in a format comparable with the CPU
. Transfers to the CPU up to 15,000 words per second of PCM and digital data.

The computer is a CDC 6400 with 98,000 60-tit words of central memory and a disk storage unit capable of storing 16,500,000
63-bit words. The command logic of this computer enables it to serve three Data Analysis Station (DAS) tenmninals simultaacously.
During flight testing, one (or more) of these DAS terminals is dedicated to the data stream from each aircraft. These terminals are
shared in turn by various test disciplines, so that more than one aircraft can fly simultaneously, and each aircraft may acquire data to
satisfy various test objectives on the same flight.

In parallel with the digital data flow, 16 of the FM discriminator outputs are passed to two 3channel BRUSH RECORDERS.
These displays are monitored for safety of flizht during acceleration to the next eneviope expansion point and to evaluate data quality
which may influence program results (e.g., telemetry interruption during a sweep).

3.3 Results of Model Matching When Applied To Theoretical Response Data

Prior to using the model matching program on a new airplane, a rather elaborate checkout was undertaken. The program was first
used to analyze digitally generated response data for a spring-mass-damper system with six degrees of freedom and thea it was used to
analyze digitally generated response data for a two mode aeroelastic system.

In the analysis of the six degree of freedom system it was found that for a noise free siga.l, the model matching technique would
give results which were almost exact for one or two modes. When white noise was introduced in the response signal {noise meaning
response which was not due to the knowr. force input), the accuracy was somewhat degraded. It became apparent during this early
checkowt that in a noise envisionment it was desirable to keep the record segment as short as possible and confined to the area where
the response signal reached a peak value.

The analysis of the two mode aeroelastic system was undertaken to make a quantitative evaluation of the ability of the model
matching program to obtain frequency and damping values from dsta generated during a fast sinusoidal sweep. The influence of
vnsteady aerodynamics, which manifests itself in the modal response and in the generation of the forcing function, was included in the
evaluation as well as the effect of atmospheric turbulence

The theoretical model chosen was one with a 9.2 Hz bending mode and a 28.9 Hz torsion mode. The basic parameters wers chosen
so that an explosive flutter condition occured at 1065 kts. The unsteady zerodynamic forces were represented using an exponential
approximation to Wagner’s indicial lift function. One term was used in the approximation: ¢{(s) = 1-.5¢™ 34s A vane shaker was located
at the tnailing edge of the surface and its hinge line unbalance was made variable so that the frequency at which the aerodynamic and
inertial forces canceled each uther (the crossover frequency) could be varied. The same approximation to Wagner's indicial Jift function
was used for the vane acrodynamics.

A quasisteady gust loading was applied to the model to simulate atmospheric turbtlence in the following manner: a2 computer
program which generates random white noise was used as 2 downwash input to a first order differential equation which shaped this
downwash into a reasonable approximation to the gust spectrum shown in Reference 14. This gust was then multiplied by the
appropriate constant which converted it to a force which was applied at the 207% chord of the surface. The rms value of gust irtensity
was treated as a variable,

The damping and frequency curves for the system are shown in Figure 3. They were obtaired by taking the Laplace transform of
the homogeneous equations and solving the resulting characteristic polynominal for the roots. Forced response curves for the system are
shown in Figures 4-10. These were calculated by numerically integrating the equations cf motion treating vane position as the following
known input function: = 1-cos{150e-21), The velocity response at a specific point on the surface and the vane position were wriiten
on a magnetic 1ape using the same time increment as that used by the analog/digital converter for telemetered signals. This tape was
then analyzea with the model matching program. )

Frequency and damping values obtained with the model matching program are summarized in the tables included with Figures 4
through 10. Three air speeds are vresented: 1) 400 kts. which is a relatively low speed for the system and one wherein very little
acrodynamic coupling exists between modes: 2) 840 kts. which is sufficiently high to insure significant aerodynamic coupling while
bsing well short of the coalescence speed and flutter speed: and 3) 1000 kts. which is the coalescence speed and is just below the flutter
speed. At each of these, results are presented for noise free data and for data which includes atmospheric turbulence, The turbulence
levels cliosen are fairly severe (4.2 ft./sec. RMS at 400 kts., 6.3 ft./sec. at 840 kits.. and 8.4 ft./sec. at 1000 khts.) and would be
encountered ~nly occasionally during flutter testing. I order to give some insight into the range of answers which might be obtained
with model marching. results are presented for each of 4 record segments ( windows) corresponding to each peak in the response traces,
For the two lower speeds. four windows were also chosen to include the rwo response peaks which occur in each sweep. Some of these
segments were intentionally chosen to be bad selections. For each of the segments. frequency and damping values are given for 2nd,
31d. 4th, Sth and 6th order models. The system used to generate the data is actually Sth order but, dependir.g on the particular record
segment in question, an adequate match may be accemplished with a lower order.

The results given in the table sccompanying Figure 4 demanstrate that, for a straightforward case such as this, model matching
readily calculates an excellent damping and frequency value for each of the separated peaks; slightly better answers are obtained for 3rd
order analysis than for 2nd order Higher order models produce the correct results for record segments containing one prak but the
additional calculated roots are difficult to interpret, The results for record segments containing both peaks are naturally poor for 2nd
and 3rd order models but give good results for higher orders.

The effect of noise can be appraised by comparing the table of Figure § with that of Figure 4. A slight degradation in accuracy has
occurred and only in the higher-order models. This noise case, an” the two subsequent ones, were 2nalyzed after the data was passed
through digital bandpass filters with a 12/db octave roll-off characteristic. The corner frequencies were set at values corresponding to
the shaker instantaneous frequency at the beginning and end of each record segment.
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Figures 6 and 7 present the results at 840 ks, As above, 3rd order results are generally batter than 2nd order when a single peak is
chosen for study and the 4th, Sth and 6th order resuits are generally better than at 400 kts, Noise has degraded the data more than at
400 kis. It is noted that the real root listed in the tables is seldom accurate; an explanation for this is that it is necsssary to choose a
window at the beginning of the shaker sweep to obtain this root. Although no data is presented, good results have boen obtained when
this is done.

The tables with Figures 8 and § give results at 1000 kts. for two types of shaker forces: one which has a slight variation in vector
amplitude with frequency: and the other with a crossover frequency essentially the same as the coalescence frequency. Analysis of the
system at thi, speed would be a very severe test for any flight flutter testing method, particularly with the second force irput, which
makes the single peak appear to be two separate peaks.

Only 4 record segments were chosen at this speed because one true peak appears instead of two. The tables show that more scatter
occurs in these answers than at the lower speeds; the scatter is mainly in the heavily damped mode; the damping of the critical mode is
fairly well predicted. Other analyses, which are not reported here, have also indicated that whenever two modes couple and one is

lightly damped and the other is heavily damped, the model matching analysis gives acceptably good results for the lightly damped
mode.

Figure 10 gives results at 1000 kts in the presence of rather severe atmospheric tutbulence. Inspection of the response tracc shows a
considerable distortion of the signal. As expected, the results are somewhat inconsistent,

Some of the record segments used in the above examples are not repre- = 1:- 12 of what would be used in actual practice. The
preferreC onezs are double starred at the left of each table. The answers - »~ - il :se segments have been plotted in Figure 3. The
resulting bands represent the degree of scatter which might be expected using mudct matching. It ca.: be seen that as the modes become
more coupled and one gets closer to the coalescence speed, the scatter band becomes wider. It is the authors’ view, however, that these
results are at least as accurate as those which could be ubtained by other methods now in use.

3.4 Typical Flight Test Results

After gaining confidence that the model matching program would predict accurate damping and frequency values, the program was
used to do actual flight flutter testing. The final evaluation was accomplished by checking the results with those obtained by the old
shake-and-stop method. Satisfactory agreement was obtained.

Figure 11 presents the model matching program resuits for a vertical tail. Thesz results, together with comparable data for the wing
and horizonta 2ail, were obtained in oniy six flights; this is nine jess than would have been regnired to obtain this quantity of data in
the past.

4. CONCLUSION

Although flight flutter testing methods in current use in the United States are by no means standardized, they represent significant
advances over those employed in the past. It is rather encouraging to note that more sophisticated analysis techniques producing
essentially real time results are now being widely used, The advances result from the availability of large high speed computers which are
becoming an integral part of flight test data management. Much more remains to be done to further improve present methods and to
develop new ones. With a more universal use of dedicated computers, we should expect a continuing proliferation of rapid and safe
testing techniques.
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*FREQUENCY & DAMPING RESULTS FROM MODE! MATCHING PROGRAM FOR FIGURE 4 j

R R
SEEgNOﬂEzT, ;:ggfs;lcl\l.
SECONDS

2ND ORDER | 3RD ORDER 4TH ORDER 5TH ORDER 6TH ORDER MODEL
30 40°° 9215 95/17 586 91/66 96/ 19 88/74 96/19 294 x x x x wy 97H:
26 50°° 96/ 1 95/18 x 95/18 201 «x 96/48 95/ 18 x 118/13 95/ 18 xx 9 17
20 60 100/ 09 95/18 x 95/18 213136 271/3395/18 225 x x x X
10 70 106/.11 95/20 308 95/18 282/ 45 277/28 95/ 18 225 x x ¥ x
86 94°° 27 6/08 2771/09 x 2170376721 27 7w 24,3/ 04 x x  x X x wo " 21 TH?
82 96°° 276/08 27108 x x x 227709 173705 «x x x x x 17 089
75 96 27 5/ 08 27109 x x x 277/09 113/57 «x > x x x
50 98¢ 27 37,09 275/08 830 | 272/09 320 240 277/0%3 98/23 «x a x x x
36 91 178/ 42 258/27 181 103/23 274/ 1C x x x 222/09 95/ 17 x x u,~97ﬂt
30 94 259/08 270/10 x 103/18 275/98 x x x x x x x wq - 217 H:
25 96 25 6/ 08 269/09 126 | 275/08 10 4/ 15 x x x x x x x 9y 17
10 96 24409 268/09 153 | 27.5/08 100/ 09 2277/08 95/17  x 277/09x252 x 9, - 089

Alul * 161

*Results ae presented as follows  wy/9q. W/, A

* *Preferred record segments

x Program tesults were not meaningful

reat




-

12
Ww
[8)
-4
)
'S
-
<
[
o
-
TIME, SEC
,-
[
Q
)
-l
w
>
0 1 2 3 4 5
TIME, SEC
Fig. 5 Total Force & Velocity Response of a Two-Mode Aeroelastic Model at 400 Kts; Total Force is
Comprised of a Vane Force and a Gust Force with an RMS Intensity of 4.2 {t/sec
RECORD *FRECUENCY AND DAMPING RESULTS FROM MODEL MATCHING PROGRAM FOR FIGURF 5
SEGMENT, THEORETICAL
SECONDS RESULTS
2ND ORDER | 3RD ORDER 4TH ORDER 5TH ORDER 6TH ORDER MODEL
30 40 9.2/ 14 98/18 845 | 98/.24 122110 10.2/31 125/20 220 |64/72 128/09 104/17 |w, 97 H2
26 50 96/ 10 06/17 470 | 9.4/.15 119/14 9.6/17 124/04 565 |137/25 96/20 NV 15 [gy= 17
20 60 100/ 08 96/19 982 | 133/50 93/.14 131/16 9.6/17 1040 [187/30 94710 11 4/ 15
10 70 105/ 10 96/20 1740 | 153/1.1 94714 16.9/38 9.7/ 17 920 x x x
86 94 27.0..08 277/00 473 | 271/80 227/00 | 277/00 251711 1800 x «x x wp- 21 7M2
82 96 276/08 27./08 x | 277/09 246 290 | 27.7/09 232/.18 246 |37.9/50 27 6/09 229/02| g, - 089
75 96 275/ 08 27.7/02 614 | 27,2709 350 149 | 277700 213/.10 376 |289/11 277/09 215/15
50 96 2709 275/08 524 | 136/97 277/08 | 277/09 12.17 07 337 [142/16 277/09 136/13
36 91 167/ 47 252/ 1790 | 103/18 274/10 | 275/09 9.4/06 76  [275/08 17 3/54 103/12{w; * 97 Hz
30 94 256/ 08 269710 107 | 103/ 16 275/08 x x x |161/13277/00 99/09 {wy - 277H2
25 96 252/09 267/00 12t | 275/08 103/ 13 | 277/08 92/15 154 13316 277/09 37/03 fg, = 17
10 96 239/ 10 266/09 146 | 275/08 100/08 | 277/08 93/20 143 |84/19 277/09 94/10 |g,* 069
Areat " 161

*Results sre presented as foliows

x Program results were not masninglul

W19y, w2/9p. Ay

L




13
[
(8]
o
o
w
w
2
q
>
>
i ol
o
0
-l
-
>
+ + Attt 4 + e
, ] i 2 3 4 5 6 7 8 9 10
TIME SEC
Fig. € Vane Force and Velocity Response of a Two-Mode Aeroelastic Model; 840 Kts Airspeed A
(79% VF); No Gust Force.
*FREQUENCY AND DAMP'NG RESULTS OF MODEL MATCHING PROGRAM FOR FIGURE 6 1
RECORD -
SEGMENT, THEQRETICAL
SECONDS RESULTS
2ND ORDER | 3RD ORDER 4TH ORDER 5TH ORDER 6TH ORDER MODEL
40 50 1145 116/45 163 {11547 19/74  |281/53 116/46 715 |254/012 115/46 x = W, 118Hs
35 §5°°| 11 .43 116/46 300 |116:46 32 240 [115/46 118 8 x [199:06 115/46 x x 9, 46
35 65| nzyn 120:47 138(227/2 11547 [22/05 115/46 193|216/08 115/46 x  «x
20-70 108/ 28 124°43 126 [224/3 N WS (21,12 N%46 132] x x x x {
7e-86 241 24 26:25 11[227.25 x 500 » x x |21 152 x =z wy * 229 H2
15 99°° 1 244;22 22525 189 122725 x Q x x x x x x ox 90 25
15 95°*| 24827 22523 215122125 x 54 x x x {27725 98/51 106 44
65 -97 22411 22326 164 [2252¢ x o« |227:2% 115485 x |226/25 12336 x  «x
45 82 17924 186/22 22|23223 15862 x x x [2725 N4 x o« w, " 118H:
45 95 192 o 20513 1512: 33 NN 272 14448 x 22726 N4/45 x o« Wyt 229H;
35 90 16 8/ 04 193703 1971233/29 NS4 (222,26 113746 «x x x x  x ol 48
20 97 14813 19307 16)23 /36 122/56 x P x x x x 2 !
9 25
hul"s’

"Rewults are presented as follows wiigy. wol9y p)
**Preferred tecord segments
x Program rewslts weie not meaningful
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Fig. 7 Total Force and Velocity Response of a Two-Mode Aeroelastic System at 840 Kts, Total Force
is Comprised of a Vane Force and a Gust Force with an RMS Intensity of 6.3 ft/sec
“FREQUENCY & DAMPING RESULTS FROM MODEL MATCHING PROGRAM FOR FIGURE 7
RECORD THEORETICAL
SEGMENT,
RESULTS
SECONDS
2ND ORDER | 3RO ORDER 4TH ORDER STH ORDER 6TH ORDER MODEL
40 50 113738 117/34 532 1123/59 126/02 | 143/29 126/ 002 642(182/38 99/ 16 135/.008 [w, = 118z
35 55 ARTRT 115/44 422 1112757 124714 | 132/37 125/19 969 1197/14 11 /52514708 [g, « 46
35 65 11333 121/45 938 [112/44 178/19 [ 1B9/13 115/44 556 |221/06 116/49 125/ 15
20.70 110734 123/46 1550 | 111/53 183/36 | 197/13 116/44 422 [226/08 11.3/58 11 5/23}
78 86 24039 226/25 1013 (23 y/13 257/02 228/17 257/002 738 |27 3/ 01 217/04 240/ 30fw, « 229 Hz
75 90 4522 225/27 1157 ) 244/50 216/15 | 226/28 257/05 10751293/ 14 212/1C 243/ 22 |, + 25
75.95 249/ 30 224/23 2591 [127/18 224/21 | 22.2/27 27 1/06 1689|259/ 63 21 6/20 285/ 15
6% a7 249717 22.%/26 1555{119/35 224/25 | 223/28 270706 1381[132/14 300/ 12 223/ 30
45 82 180/ 28 18.4/24 473 1118/50 230/21 | 229/23 117741 1045 117/40 242/ 13 206/ 24 |w, - 11 B Hz
45 95 22/0 222/20 905 { 114791 225/34 x oz x  J118/59 2930.35 2332 |wy*229H:
35 90 18 5/ 08 204/08 412 {233/29 118/5? x  x x  [117/47 275/31 226/18 [g, * 46
20 97 180706 214/09 231 [228/36 122/62 | 231/27 106/42 1938(339/40 117/51 232124 lg,* 25
Moy~ 187
resl

*Reslts are presented as follows
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x Program results were not meaningful

d

PSSP P




VELOCITY

Fig. 8 Vane Force and Velocity Response of « Two-Mode Aeroelastic Model at the Coalescence Speed,
1000 Kts (94% VF); Vane Unbalance Chosen to Produce a High Crossover Frequency; No Gust Force,

VANE FQRCE

Mttt R R A

[=]

TIME, SEC

TIME, SEC

9 10

"FRSQUENCY & DAMPING RESULTS OF MODEL MATCHING PROGRAM FOR FIGURE 8
RECORD THEORETICAL
SEGMENT, ] PROGRAM
SECONDS RESULTS
2ND ORDER|3RL ORDER 4TH ORDER 5TH ORDER 6TH ORDER MODEL
55 70°°|163/19 1€3/25 80 165/63 163/29 [168/69 163/29 x [165/60 163/29 x x u‘IIGSHl
50 75" lies/1? 16 4/ 23 67 164/64 163/29 | 166/59 163/20 41 {165/59 163/29 x x ‘.;2-173Ht
50 90 |[i68/17 166/20 28 162/62 163729 [165/61 163/29 25 [165/59 163/29x x T 29
3C 90 [166/13 16 5/ 19 81 1623/29 164,28 1 166/60 163/29 12 [165/59 163/20 x x 9" 59
b * 118
real

“Results are presented &s foliows /gy wo/go. A L,

**Preterred record segments

x Program results were not meaningful
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Fig. 9 Vane Force and Velocity Response of a Two-Mode Aeroelastic Model at the Coalescence Speed,
1000 Kts (94% VF); Vane Unbalance Chosen to Produce a Crossover Frequency Near the
Coalescence Frequency; No Gust Force.

“FREQUENTY & DAMPING RESULTS OF MODEL MATCHING PROGRAM FOR FIGURE 9

RECORD THEORETICAL
, SEGMENT., 6TH PROGRAM
SECONDS | onp 38D ATH STH ORDER RESULTS .
ORDER | ORDER ORDER ORDER MODEL

§5-70 153722 | 153/ 15 38. | 173/ 68162/291165/73162/28 28 16 3/ 30 16 7/.56 530 x wy* 165H,
50-75 150/.26 | 14.7/ .07 80. | 172/ 72161/27 [156/70 16 4/27 198 218/1.19172 3/5316 2/ 30 Wyt 173 M2

y 50 9.0°° 132/90 | 14.1/012 78 1S1/108161/16]159/61165/29x 16 4/.61 16 3/ 22 9" 23
30 90°° 13.4/84 ] 1227 25225, | 1595/102158/19]150/69 16.8/23 » 165/6116.3/28 L 3 59
Ao *118

*Results are presented a3 follows < y/g,. W0y Apeat
**Preferred record segments

y x Progeam results were not meaningful




17
w
[&]
[+ 4
o
.
-
<«
-
o
>
i
A e -
0 1. 2. 3. 4, ) ? 8. 10.
: TIME, SEC
? ’ {
>
-
o A
o
-
w
>
1
. f J
' : -+
0 1. 2. 3 4 5 6 7 8. 9 10.
TIME, SEC
Fig. 10 Total Force and Velocity Response of a Two-Mode Aercelastic Model at the Coalescence Speed;
Total Force Is Comprised of 2 Vane Force and a Gust Force with an RMS Intensity of 8.4 ft/sec;
1000 Kts (94% VF) at 9000 ft; Vane Unbalance Chosen to Produce a Crosscver Frequency Near
the Coalescence Frequency
i
*FREQUENCY & DAMPING RESULTS OF MODEL MATCHING PROGRAM FOR FIGURE 10
RECORD THEORETICAL
SEGMENT, PROGRAM
SECONDS RESULTS
2ND ORDER [3RD ORDER |4TH ORDER STH ORDER 6TH ORDER MODEL
55.70 |160/19 163/ 11 45 [150/.23 185/.09 20.7/.12 155/ 16 50. 269/17 127/13 182/12 wy * 165 Hy
50-75 [154/22 153:.09 53 [14.9/.26 18 8/.09 20 4/ 12 15.1/.21 51 267/16 1306/17 173/13 wyp " 17 34z
50-9.0 |144/.73 14.9/02 19215797 168/.14 188/ 14 136/24 144 | 182/87 201/20 156/21 | ¢, - .29
3090 :145/.66 13.1/.26 1€3,16.3/.83 16 6/.17 12.9/63 18.2/.14 125 | 182/.74 205/.24 157723 %" 59 H
Areat 118 ?

“Results are presented as follows:  w4/gy. wo/9y, A
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